In 1970, it was well accepted that the central role of lipids was in energy storage and metabolism, and it was assumed that amphipathic lipids simply served a passive structural role as the backbone of biological membranes. As a result, the scientific community was focused on nucleic acids, proteins, and carbohydrates as information-containing molecules. It took considerable effort until scientists accepted that lipids also "encode" specific and unique biological information and play a central role in cell signaling. Along with this realization came the recognition that the enzymes that act on lipid substrates residing in or on membranes and micelles must also have important signaling roles, spurring curiosity into their potentially unique modes of action differing from those acting on water-soluble substrates. This led to the creation of the concept of "surface dilution kinetics" for describing the mechanism of enzymes acting on lipid substrates, as well as the demonstration that lipid enzymes such as phospholipase A 2 (PLA 2 ) contain allosteric activator sites for specific phospholipids as well as for membranes. As our understanding of phospholipases advanced, so did the understanding that many of the lipids released by these enzymes are chiral informationcontaining signaling molecules; for example, PLA 2 regulates the generation of precursors for the biosynthesis of eicosanoids and other bioactive lipid mediators of inflammation and resolution underlying disease progression. The creation of the LIPID MAPS initiative in 2003 and the ensuing development of the lipidomics field have revealed that lipid metabolites are central to human metabolism. Today lipids are recognized as key mediators of health and disease as we enter a new era of biomarkers and personalized medicine. This article is my personal "reflection" on these scientific advances.
arly on I did not know I was going to be a scientist. I was aware of science as a possible career as two of my maternal uncles were chemists. I also enjoyed my experiences in science; for example, my teachers in biology and chemistry at Senn High School in Chicago inspired me to successfully compete in the 1958 city science fair with a project on air pollution. However, I was equally inspired by my English teacher who encouraged me to consider organizational leadership directions. Thus, my intent when I matriculated at Yale was to obtain a liberal arts education. But in choosing a major I was influenced by William von Eggers Doering who first exposed me to the beauty of three-dimensional stereochemistry as a sophomore when I took organic chemistry for chemists-although I was not yet a chemistry major, I took the course and I was hooked. Doering's class stimulated me to major in chemistry and to carry out undergraduate research on the stereochemistry of the HCl elimination reaction with a great role model for me, Harry H. Wasserman.
My fascination with stereochemistry continued as I transitioned to graduate school in the Chemistry Department at Harvard University. During my second year, we were given a 1-week cumulative exam in which we were to make an "original" proposal. I thought about how carbon had four bonds and could form two isomers and wondered how many isomers would be possible for phosphorus, which could have five bonds. This led me to learn what inorganic chemists already knew well, namely that phosphorus bonds were arranged in a trigonal bipyramid or square pyramid with both equatorial and apical bonds. I then reasoned that in going from carbon to phosphorus, the number of isomers increases from 2 isomers to 30 isomers, so I proposed synthesizing a pentacoordinate phosphorus with different links so as to make "orbital isomers" of pentacoordinate phosphorus. I received a C (failing) grade with the professor's comment that orbital isomers could not be made. However, my graduate research with the father of enzyme mechanisms and their stereochemistry, Frank H. Westheimer (1) (Fig. 1) , was on the mechanism of phosphate ester hydrolysis. As my thesis work proceeded and I realized that the intermediate or transition state in this process was pentacoordinate phosphorus, I was able to show that orbital isomers could exist and the concept of pseudorotation was key to understanding the mechanism (2) . Later, I independently applied pseudorotation to understanding the mechanism of ribonuclease (3) .
My graduate work had kindled a strong interest in the enzymology of phosphate groups, so I stayed in Boston for a postdoctoral position in the Department of Biological Chemistry at Harvard Medical School on phospholipid biosynthesis (4) with Eugene P. Kennedy (5) (Fig. 2) , who had discovered the metabolic pathways by which phospholipids are made. At that time, the prevailing view was that lipids played a central role in metabolism and especially in the storage and generation of energy; on the other hand, membranes were thought to be just a sea of unimportant lipids or "grease" in which membrane proteins carried out their supposedly important duties in "the viscous phospholipid bilayer solvent" (6) . Thus, the scientific community was studying membrane structure but only by looking at the functional role of proteins in membranes. I had joined the lab with the intent of finding the enzyme that makes an unusual P-C bond in Tetrahymena phospholipids. As a precursor to this task, I started working with the more typical enzymes in the laboratory. As I began learning the lab's protocols, I was stunned to realize that scientists in the field were using detergents without having any idea at the chemical level why these lipids were needed! My recognition of this may have been related to the fact that I was an unusual addition to the group because I came from a chemistry background, and so I always wanted to know what was happening at the molecular level. The discovery that lipids were necessary for enzymatic function planted the seed of what was a radical view at the time that these detergents are lipids and they have essential functions.
I started my independent scientific career in 1970 as a new Assistant Professor at the University of California at San Diego (UCSD) intent on pursuing mechanistic questions about these enzymes. I believed that the optimal way to start was with an enzyme that acted in or on the membrane, and particularly one with activity toward membrane phospholipids. This decision started a theme that would continue throughout my research career-from developing the early methodology needed to study membrane-active enzymes, to tracking down the destinies and functions of lipids in the corresponding metabolic pathways, to creating conferences and consortia to harness and build on our increasing technological and conceptual breakthroughs in lipid enzymology, to seeing the specific implications of these scientific advances on understanding and improving human health. It has been very exciting to have contributed to these advances! Throughout these adventures, I have been very fortunate to work with fabulous colleagues, both internal and external to my lab, and I cannot begin to thank each of them appropriately within the space allotted me here; I have done my best to cite their contributions in the reference section, which only hints as to their importance in my scientific travels.
New Methods and Mechanistic Concepts for Membrane-active Enzymes
My first NIH RO1 grant was to study the reconstitution of phosphatidylserine decarboxylase-a holdover from my time in the Kennedy lab-in phosphatidylserine-containing surfactant mixed micelles. This work was designed to confirm that proteins were actually interacting with phospholipids in a productive manner. If the enzyme was active, CO 2 would be released, which could be measured by a novel gas chromatography method (7) . However, a serendipitous conversation with Dr. Beatriz M. Braganca, a scientist on sabbatical from India working in a neighboring lab, turned my attention to cobra venom as a commercially available and plentiful source of phospholipase A 2 (PLA 2 ) (8). This water-soluble enzyme hydrolyzes the fatty acid on the sn-2 position of membrane phospholipids to produce a lysophospholipid and a free fatty acid. It is more stable than phosphatidylserine decarboxylase, and its basic characteristics simplify several technical challenges. Finally, it also has many important biological functions including biosynthesis and generating lipid cell signals (9) ( Fig. 3) . We jumped at the opportunity to switch to this more advantageous model, and our studies on PLA 2 led to my second RO1 grant, now in its 40 th year.
With PLA 2 under study, our first challenge was to understand why detergents were necessary to obtain enzy-matic activity. This led us to pursue NMR techniques to characterize the interaction of phospholipids with surfactants, principally the non-ionic detergent Triton X-100 (10 -12) . We proposed that one role of the detergent was to solubilize the phospholipid into mixed micelles, which provided a surface to present the substrate to the enzyme (8) . Another possible function of the Triton X-100 would be to solubilize a membrane-localized enzyme so that it could be present in aqueous solution and be available to the substrate; however, the fact that PLA 2 is already watersoluble simplified the kinetic problem enormously. This experimental system provided an ideal model for understanding protein-membrane interactions. But it was an uphill battle to convince those studying bilayer membranes that mixed micelles had any biological relevance! It was a battle worth fighting though, as surfactant micelles (and later bicelles) are now a mainstay in NMR studies of membrane proteins (13) (14) (15) (16) . Indeed, NMR work on mixed micelles of surfactants and phospholipids established the physical chemical principles that would allow the surfactants to be used to study a variety of phospholipids, including sphingolipids. Moreover, this established the generality of the mixed micelle system for studying protein-membrane interactions (17, 18) .
A second critical step in our studies was formulating the concept of "surface dilution kinetics" (19, 20) . This introduces two pre-catalytic steps into the reaction, first the enzyme binding to the membrane and then the enzyme separately finding and binding to its substrate in the twodimensional interface (Fig. 4 ). This framework allowed us to translate existing thinking about enzyme mechanism to the study of enzymes acting in/on membranes. I presented this concept at the first California Membrane Conference, March 13-17, 1972 , held in Squaw Valley (the first meeting in what became the Keystone Symposia) and also reported our first micelle studies (10) . Eventually, the surface dilution concept was generalized (21) to apply to many other enzymes that act on phospholipids (22, 23) .
Using the mixed micelle system and the surface dilution kinetic approach, it was now possible to pursue the mechanism of action of PLA 2 (24) . We first discovered that the enzyme was active only in the presence of certain phospholipids. This allowed application of the then underappreciated concept of allostery developed by Jean-Pierre Changeux (25) , a concept I first learned about in the mid-1960s when Frank Westheimer returned from lecturing at the Pasteur Institute in Paris. Specifically, we hypothesized that PLA 2 contained an "activator site," although the enzyme functions as a monomer (a departure from Changeux's original concept), and that when the water-soluble enzyme associated with the mixed micelle (membrane), it underwent a conformational change (at that time, represented simply as a square changing to a circle) to enable binding of the substrate phospholipid at the catalytic site. Our data showed that the whole surface of the enzyme interacted with the micelle (membrane), perhaps sensing as many as 30 phospholipid head groups at once, and that one of those lipids had to be a phosphocholine-containing lipid that acted at a "specific site" that was distinct from the catalytic site (26, 27) . This allosteric activator site was later confirmed by kinetics (28) and X-ray crystallography (29, 30) and verified by mutational studies (31) and gene synthesis (32) .
Detailed binding (33) and kinetic studies on PLA 2 (34 -38) and the determination of the rate constants for acyl and phosphoryl migration in the lysophospholipid product (39) were critical for elucidating the kinetic analysis of PLA 2 , including its allosteric activation (40, 41) and varying activity on different membrane forms (42) (43) (44) . The same approaches were also critical in my lab's study of the related mammalian lysophospholipases (45) (46) (47) (48) (49) and indeed many other phospholipases (22, 50 -58) . Along the way, we've also explored PLA 2 's evolution from snake venom to human forms (59) and its reported inhibition by lipocortin (annexin 1), which we demonstrated occurred via "surface dilution"; thus it was not true inhibition as claimed in the literature (60 -62) . We also realized early on that having tools to probe PLA 2 function would be 
. The concept of "surface dilution kinetics" requires two distinct steps for enzymes (E) acting on substrates (B) contained in lipid-water interfaces or surfaces (A) of membranes and micelles.
Shown is an illustration of the application of "surface dilution kinetics" to the phospholipase A 2 -(blue) catalyzed hydrolysis of phospholipid substrate (red) contained in mixed micelles with nonionic surfactants such as Triton X-100 (yellow). The enzyme first associates with the mixed micelle surface (Bulk Step), and in a subsequent step (Surface Step), the enzyme associated with the micelle binds a phospholipid substrate molecule in its catalytic site and carries out hydrolysis, producing as products a lysophospholipid and a fatty acid, which may be released to solution or may be retained in the micelle surface. Reprinted from Ref. 21 , adapted from Refs. 19 and 20. useful, and so we focused attention on the discovery, design, and characterization of a large variety of chemical inhibitors of PLA 2 (63) (64) (65) (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) (76) . Application of these inhibitors-in tandem with experiments probing enzyme aggregation (77)-not only provided insight into the catalytic mechanism, but also played a key role in advancing the understanding of PLA 2 and its regulation in biological systems (78) .
A Turning Point for Lipid Signaling
Despite the great progress in understanding PLA 2 mechanisms we felt we were making, the biological implications for these studies remained obscure to the field at large. However, John Vane's discovery that aspirin and other non-steroidal anti-inflammatory drugs (NSAIDs) worked by acting on lipid biosynthesis (79) changed the landscape: suddenly, arachidonic acid metabolites-specifically prostaglandins-were important. Bengt Samuelsson's ( Fig. 5 , top) discovery of the first leukotrienes (80) further cemented the relevance of lipid mediators. This was recognized with the awarding of the 1982 Nobel Prize in Physiology or Medicine to Sune Bergström, John Vane, and Bengt Samuelsson. The 1990 Nobel Prize in Chemistry was received by E. J. Corey (Fig. 5, bottom) , who had previously synthesized many of the key chiral eicosanoids. Of course, we were excited to see that the new questions raised by their discoveries pointed back to our favorite enzyme, PLA 2 . Specifically, free arachidonic acid is at very low levels in cells and is generated spontaneously as needed for prostaglandin/leukotriene biosynthesis; PLA 2 is responsible for the initiation of this arachidonic acid cascade (9, 78, 81) ( Fig. 6 ).
These conceptual linkages led many investigators, myself included, to pursue the intracellular forms of PLA 2 responsible for arachidonic acid release. The first two "FASEB Summer Conferences on Phospholipase A 2 ," which I organized with Moseley Waite, included watershed moments. In 1988, two groups announced the sequence and cloning of the human secreted sPLA 2 , and in 1992, two groups announced the sequencing and cloning of the human cytosolic cPLA 2 . In 1995, at the third FASEB Summer Conference, our lab reported on the identification, complete purification, and characterization of the Ca 2ϩ -independent iPLA 2 (82) . At that time, the explosion of PLA 2 s initiated a discussion among the conference attendees that led to the Group numbering system for PLA 2 s (83), which with several evolutions (84 -86) is universally used today to distinguish the 16 groups and many subgroups of PLA 2 (9) . In the meantime, another unique form of mammalian sPLA 2 secreted from macrophages was found, namely the Group V sPLA 2 (87) . And on the functional side, iPLA 2 was sequenced and cloned (88, 89) , and its remodeling function in macrophages (90 -93) and unusual abundance in brain (94) were established.
In the 1980s, my laboratory turned its attention to the function of these enzymes in cellular metabolism and the generation of lipid cell signals-what I viewed as the most exciting new frontiers in cell biology and immunology. To kick start this new in vivo direction, I first needed to know more about these complex systems. Thus, in 1983, I received a Guggenheim Fellowship to spend a sabbatical with Manfred Karnovsky at Harvard Medical School, an expert on primary macrophage cells, and with Lawrence "Laurie" Levine at Brandeis University, the developer of radioimmune assays for eicosanoids. When I returned to UCSD, we decided to pursue macrophages as the archetypal mammalian cell-the "E. coli of mammalian cells"-in which to explore PLA 2 function and eicosanoid mediator production. In macrophage cell lines, the numerous types of PLA 2 s that existed in a single cell type were characterized (95, 96) and the role of PLA 2 in activating the arachidonic acid cascade by a variety of agonists was explored (97, 98) . This led to characterizing the eicosanoids produced downstream of PLA 2 and their autocrine and paracrine function in lipid signaling in the cellular milieu (99 -101) . This all became considerably more complex as we realized that the activation of eicosanoid synthesis could involve activation of multiple PLA 2 s (102-106) stimulated by the products of other PLA 2 s from distinct subcellular locations (107, 108) .
Once the role of phospholipases in the field of signal transduction was established and the central role of the downstream eicosanoid mediators derived from arachidonic acid released by PLA 2 was shown, our lab's interests naturally shifted to the emerging broader role of lipid mediators in signal transduction. Fred Fox invited me to organize the first Keystone Symposium on Cellular Activation and Signal Initiation in 1988, and we brought together Tony Hunter, Robin Irvine, and Michael Berridge for this conference, which launched great interest in this field. Chairing this conference also reminded me of my early interests in organizational leadership, as I greatly It was during this period that it became recognized that there are numerous lipid second messengers, many generated by phospholipases and lipid kinases/phosphatases, that play critical roles in cell signaling (51) . It took a great deal of time and effort before the important roles of lipid cell signals were recognized by the broader biochemical community, which, at the time, was much more focused on signaling and regulation by phosphorylation and dephosphorylation of proteins and more traditional recep- REFLECTIONS: Lipid Cell Signaling tors. One challenge the field faced was in communicating the newly discovered roles of lipids in cell signaling. As a result, Ralph Bradshaw and I made it a priority to highlight the central role of lipid cell signaling and integration of lipid signaling with more familiar pathways (110) as we organized and edited the three-volume Handbook of Cell Signaling, which appeared in 2003 (111) .
Back in my laboratory, lipid cell signaling had always been focused on the metabolites of arachidonic acid-the eicosanoids and related oxidized polyunsaturated fatty acids (PUFA)-that activate a large variety of G-coupled protein receptors (GPCRs) (81) . We had already learned through our work on cobra venom sPLA 2 that inhibitors could help us interrogate enzymes, but the inhibitors that worked on sPLA 2 didn't necessarily translate well to the mammalian systems, especially the intracellular PLA 2 s that now occupied our attention. We thus expanded our initial inhibitor discovery work first to mammalian sPLA 2 s (112), including the use of antisense technology (113) , and then to other PLA 2 groups-especially the intracellular cPLA 2 and iPLA 2 -by activated ketones (114, 115) , fluorophosphonates (116) , and other traditional inhibitors (98) . In the last decade, this has expanded into a long collaboration with Professor George Kokotos from the University of Athens (9) , in which we are designing and testing novel inhibitors including oxoamides (117) (118) (119) (120) , polyfluoroketones (121, 122) , and thiazolyl ketones (123) . Specifically, we've leaned on insights from molecular dynamics and simulations to inform rational drug design and medicinal chemistry efforts capped off with extensive biochemical characterization. Some of these inhibitors have shown specificity in important neurological disease models including experimental autoimmune encephalomyelitis, Wallerian degeneration, hyperalgesia, and spinal cord injury (124 -127) .
The Mechanism Comes Together
While these exciting changes and advances were occurring in the field at large and in my lab, we hadn't forgotten our goal to understand how these enzymes work at the molecular level. Research on enzymes that acted on soluble substrates had reached a high level of sophistication in their description of the catalytic mechanism, and I hoped that we might be able to do the same for our favorite enzyme! We therefore continued our detailed kinetic, mechanistic, crystallographic, NMR, and other structural studies on these enzymes. Many studies were carried out on iPLA 2 , especially on its aggregation using radiation inactivation approaches (82, 128) and its additional lysophospholipase and acyl transferase activities (129) and similar catalytic activities for cPLA 2 (130, 131) . We were particularly intrigued by the discovery of the dramatic and specific activation of cPLA 2 by phosphatidylinositol 4,5bisphosphate (PIP 2 ) (132-134) at a uniquely defined allosteric activator site as it both generalized our previous discovery regarding allosteric sites but also established a novel mechanism to accomplish the task. In the last decade, the lab has also made use of a new approach utilizing deuterium exchange mass spectrometry (DXMS) (135) . This approach has traditionally been used to study protein-protein and protein-ligand interactions, but we applied it to look at the interaction of water-soluble proteins with membranes and demonstrated this approach with PLA 2 (136 -138) . We have now studied four of the major types of PLA 2 , including the secreted (139), cytosolic (140, 141) , and Ca 2ϩ -independent forms (142), as well as lipoprotein-associated/platelet-activating factor (PAF) acetyl hydrolase (143) and the interactions of the latter with lipoproteins such as HDL (144) . These DXMS methods also led to a better understanding of the catalytic action of an unusual form with a Cys in the catalytic site (145) .
We also launched a collaboration with my UCSD colleague J. Andrew McCammon, leading to the incorporation of molecular dynamics and simulations guided by DXMS into our consideration of how the enzymes work. This technique was used to create structural complexes of each enzyme with a single phospholipid substrate molecule in its catalytic site to visualize substrate extraction. Simulations of the enzyme-substrate-membrane system revealed important information about the mechanisms by which enzymes associate with the membrane (146) and then extract and bind their phospholipid substrate (147) (Fig. 7) . This allowed us to extend early observations of allosteric sites on PLA 2 s to include membranes as allosteric ligands. We also examined the effects of potent specific inhibitors of these PLA 2 s such as pyrophenone and oxoamides for cPLA 2 (148) and various fluoroketones with iPLA 2 (149 -151) using these techniques.
These combined results led us to a complete model of the catalytic cycle of two different human PLA 2 s, cPLA 2 and iPLA 2 (147) . After some forty years of studying PLA 2 , a most fulfilling moment for me was when our lab developed detailed simulations (and representative movies) depicting the association of PLA 2 with a membrane during which the membrane acts as an allosteric ligand of the enzyme's interfacial surface by shifting its conformation from a closed (inactive) state in water to an open (active) state. This is followed by the extraction of a substrate phospholipid from the membrane into the active site of the enzyme, and then achievement of the energetically optimal conformation for catalysis and finally diffusion of the products into the membrane surface (147) . My quest to match the quality of information available for "normal" water-soluble enzyme systems, the initial steps of which were recognized 15 years earlier by my receipt of an award from the ASBMB in lipid enzymology (Fig. 8) , had been attained.
Even more exciting, this work led to a general hypothesis that "membranes serve as allosteric regulators of enzymes that act in or on membranes" (135, 147) ( Fig. 9 ).
Traditionally, allosteric regulators had been conceived of as small molecules binding to "topographically distinct sites" from the catalytic site, such as phosphatidylcholine for sPLA 2 and PIP 2 for cPLA 2 , and generally on oligomeric proteins exhibiting sigmoid kinetics. Here, we have an enormous ligand (when compared with the size of a typical enzyme) binding to the enzyme but effecting a significant conformational change that is essential for catalysis. We anticipate that this new concept will have broad applicability to many systems including membrane proteins and provide a new paradigm for understanding lipid-protein interactions. 
Charting a Course for Lipid Research
Even at the beginning of the 21 st century-at the dawn of genomics and with interest in proteomics growinglittle was known about lipids themselves, such as how many existed, what signaling roles they had, how they should be measured, and even how lipids should be classified and named in the expanding world of omics. Given my interests in organizational leadership, I recognized an opportunity. In 2002, I proposed to NIH an initiative titled LIPID MAPS, standing for "LIPID Metabolites And Pathways Strategies," which would develop the field of "lipidomics." This "omic" can be considered part of metabolomics, which aims at the identification and quantification of all of the metabolites in the cell including its nucleic acids, amino acids, sugars, and fats. The ultimate goal of biochemists is to follow the fluxes of molecules in biological pathways. But by far the largest number of distinct molecular species in cellular metabolism lies in the lipids, where tens of thousands of distinct molecular species exist. Thus, the initiative would undertake the identification, characterization, and quantification of all lipid metabolites. With a $25,000 "planning grant," which was used to recruit the top academicians in each lipid type as well as bioinformatics experts, the eventual group of 12 principal investigators came from eight universities and a commercial company (Fig. 10) . The resulting ten-year Large Scale Collaborative "Glue" Grant awarded by the National Institute of General Medical Sciences was charged with developing the field of lipidomics, and it produced over 400 publications (152) . At last lipidomics could join the omics evolution (153)!
The success of LIPID MAPS over the years is one of the great highlights of my career. Together, we developed novel liquid chromatographic-mass spectrometric-based lipidomics techniques termed "CLASS" (138) using a quantitative approach based on over 500 LIPID MAPS synthetic standards and specific agonists such as Kdo 2 -Lipid A (154) . This approach was applied to the overall omics analysis of some 500 lipid species in immunologically activated macrophages integrating transcriptomics, proteomics, and metabolomics of lipid metabolites (155) . Novel methods for separating and assessing the purity of subcellular organelles (156) were developed and employed to determine the subcellular localization of many individual lipid molecular species and their changes during macrophage activation (157) . A major finding from the integrated LIPID MAPS study of activated macrophages was the importance of desmosterol in linking lipid metabolism with inflammation (158) . In another integrated study, a second sterol, 25-hydroxycholesterol, was shown to activate the stress response to reprogram transcription and translation (159) .
We also profiled human plasma to quantify some 600 distinct lipid molecular species present across all mammalian lipid categories (160) . We have high hopes for the potential implications of these data for clinical diagnostics and disease biomarkers as well as understanding the mechanisms of disease (161) . However, these data also made a big impact on lipid research in another way. As we were sorting through all of the information, we realized that we didn't have sufficient classification, nomenclature, or structural drawing representations for lipids to be able to describe our results properly. So, we developed some (162, 163) ! We've also gone further-the initiative includes a website (www.lipidmaps.org) and databases where over 40,000 individual molecular species of lipids can be searched; tutorials on lipid metabolism using the structural drawing tool can be found on this site as well. This standardization may be the most impactful and lasting achievement of the investigators of the LIPID MAPS Consortium and their international collaborators, the International Lipid Classification and Nomenclature Committee (ILCNC), who continue to work together so productively.
Lipidomics of Fatty Acids and Eicosanoids
Beyond these collaborative projects, my own laboratory's work under the LIPID MAPS initiative has continued its focus on the lipidomics of fatty acyls including fatty acids, eicosanoids and related oxidized fatty acids, and fatty amides. We like to think of this focus as looking to the future of the field (Fig. 11 ). So far, this focus has led to a robust and comprehensive approach to the lipidomics analysis of hundreds of fatty acids including their numerous metabolites arising from an array of cyclooxygenases, lipoxygenases, cytochrome P450s, and non-enzymatic oxidation reactions (164) , such as the production of dihomoprostaglandins in stimulated macrophages resulting from the elongation of arachidonic acid to adrenic acid (165) . We also used lipidomics to analyze very long chain fatty acids that are particularly abundant in the phospholipids of retinal membranes where they are critical for function (166) and demonstrated the essential role of ELOVL-4 in the synthesis of these fatty acids. Today over 200 fatty acyls can routinely be analyzed and quantified with internal standards (167) using the ultrahigh performance liquid chromatograph/mass spectrometric (UPLC/ MS) techniques developed over the years for eicosanoids and related oxidized PUFAs (168) as well as free fatty acids (169) and complex lipids including phospholipids (170) .
It is fascinating to see how this basic science has so many potential applications in nutrition and disease, and so we've continued to search for new biological areas relevant to lipids. One study demonstrated how a single immune cell can store a pro-resolving lipid precursor and then release it for bioactive maturation and secretion, conceptually similar to the production and inflammasome-dependent maturation of the pro-inflammatory IL-1 family of cytokines. Specifically, we examined the role of lipoxins as pro-resolution lipid mediators that inhibit phlogistic neutrophil recruitment and promote wound healing by macrophage recruitment via potent and specific signaling through the LXA4 receptor. Lipoxins are generated as a consequence of sequential activation of the Toll-like receptor 4 (TLR4), a receptor for endotoxin, and P2X 7 , a purinergic receptor for extracellular ATP (171) . Initial activation of TLR4 results in accumulation of the COX-2derived lipoxin precursor 15-hydroxyeicosatetraenoic acid (15-HETE) in esterified form within membrane phospholipids. 15-HETE production can be enhanced by aspirin. Subsequent activation of P2X 7 results in efficient release of 15-HETE from membrane phospholipids by cPLA 2 and the conversion of 15-HETE to bioactive lipoxins by 5-lipoxygenase (5-LOX). This study illustrated how aspirin in addition to inhibiting prostaglandin production also promotes pro-resolution eicosanoids. In its broader context, this result illustrates the importance of eicosanoids in the general response to infection, their relationship to inflammasome formation, and the consequent "eicosanoid storm" (81) .
Once we had started examining the role of eicosanoids in inflammation, yet more questions surfaced. It was known that endotoxin-stimulated macrophages could serve as models for bacterial inflammation and infection, but the role of lipids in these processes was unclear. Using lipidomics analysis of eicosanoids, we were able to identify synergy in cellular lipid signaling of TLRs and purinergic receptors (172) . This same approach was used to determine the course of infection-induced arthritic inflammation and its resolution in Lyme disease (173) and its broader implications for the cyclooxygenase pathway. We've also looked at lipids introduced from the environment. For example, we studied the effects of fish oil con-sumption on Lyme disease progression (174) . In this research, novel eicosanoid mediators were found, including anti-inflammatory mediators that differentiate the pathogenicity of influenza strains in mouse and in human lavages (175) . Lipidomic analysis of cells supplemented with small amounts of the fish oil-derived -3 fatty acids, eicosapentaenoic acid (EPA) or docosahexaenoic acid (DHA), clarified their effects on the inflammatory eicosadome in inhibiting COX-1 more than COX-2 and shunting arachidonate to LOX physiologically (176) . Lipidomics analysis even allowed the elucidation of the role of liver X receptors (LXRs) in the biosynthesis of insulin-sensitizing -3 fatty acids (177) .
As our understanding of biology has grown, our interests in applying those insights to questions with biomedical implications have grown in parallel. For example, inflammatory hyperalgesia and various forms of pain induce essential bioactive lipid production in the spinal cord and spinal fluid. Over the years with my UCSD colleague Tony Yaksh, we've characterized PLA 2 enzymes in spinal cord and spinal fluid (178, 179) as well as examining the role of resulting eicosanoids (180) . This included the discovery of the novel role of spinal 12-lipoxygenase-derived hepoxilins A 3 and B 3 , which activate the TRPV1 and TRPA1 receptors, in inflammatory hyperalgesia (181) . It was shown that intrathecal administration of these hepoxilins induces hyperalgesia in rats. The specific 12-lipoxygenase enzyme eLOX3 responsible for the generation of hepoxilins has also recently been identified (182) along with the particular glial cell source in spinal cord. In another application, persistent effects after the resolution of inflammation in serum-transferred arthritis were analyzed (183) . Even the consequences for cancer resulting from the up-regulation of the cyclooxygenase in certain cell types are better understood by the incorporation of lipidomics analysis of the oxygenated PUFAs (184, 185) . These results demonstrate the utility of a comprehensive lipidomics approach for identifying potential contributors to disease pathology, and we hope that they will facilitate the development of more precisely targeted treatment strategies.
During these years, we have also been reminded about the importance of thinking beyond enzymatic reactions. Specifically, we investigated the oxidation of LDL lipids to explain the effect on macrophage activation and its implications for atherosclerosis. The first critical finding was that when human LDL is oxidized, significant amounts of the PUFA in the sn-2 position of 1-stearoyl, 2-arachidonoyl phosphatidylcholine become oxidized and yield 1-stearoyl, 2-oxovaleroyl phosphatidylcholine as a major product. Furthermore, this product can easily undergo aldol condensations and also form Schiff bases with lysine side chains of apoproteins in the LDL (186) . Such products are recognized by receptors and antiphospholipid antibodies (187) (188) (189) , and lipid complexes of phosphorylcholine were found to be pattern recognition ligands (190) .
The LIPID MAPS lipidomics approaches enabled our discovery that oxidized PUFAs in LDL could also be found esterified to cholesterol (191) , and lipidomics studies of zebrafish fed a high fat diet revealed oxidized phospholipids and cholesteryl esters (192) . Subsequent lipidomics studies revealed that such oxidized phospholipids and cholesterol esters bind to apoproteins (193) and have multiple effects on macrophage signaling (194) . Significantly, these oxidized species can be found in human coronary artery disease (195) .
Finally, the power of lipidomics analysis has also been applied to fluxomics using unlabeled natural molecules to analyze the eicosanoid cascade. By taking advantage of the specificity of receptors to activate PLA 2 , the release of free arachidonic acid can be initiated (196) . Fluxomics analysis allows the temporal course of metabolites in the eicosanoid cascade initiated by the activation of PLA 2 to be followed quantitatively. In recent experiments, we've compared primary macrophages including tissue-resident, thioglycolate-elicited, and bone marrow-derived, with cell lines (197) , leading to a general model describing the fluxes of eicosanoids initiated by priming with a TLR4 agonist followed by activation with a purinergic P2X 7 agonist (198) . Furthermore, this general approach has been integrated with transcriptional regulation and protein induction using a "directed proteomics" approach (199) . The resultant competing eicosanoid fluxes of the multiple competing -3 and -6 fatty acid substrates under physiological conditions in the eicosanoid cascade can now be quantitatively compared (200) .
Circling Back to Chirality
It is a delight to me that as we identify chiral eicosanoids, lipidomics studies have brought me back to my early fas- cination with stereochemistry. Enzymatically produced eicosanoids always turn out to be chiral compounds as one might expect, but interestingly, certain drugs can alter the chirality of enzymatically produced eicosanoids. A recent example is the effect of aspirin described above, which acetylates the cyclooxygenase enzyme and changes the chirality of a COX side product lipoxin A 4 to epi-lipoxin A 4 , implicated in the resolution of inflammation (81, 171) . Another example is the identification of a particular oxidized lipid that corrects a defect in peroxisome proliferator-activated receptor-␥ (PPAR-␥) signaling in Cftr-deficient mice (201) . Chirality determination is also important because oxidized lipids can be produced non-enzymatically in response to stress and are associated with many diseases including non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH), as characterized by LIPID MAPS (202) . These products can be differentiated from the chirality that results from enzymatically produced products of cellular signaling pathways. The most recent work using quantitative UPLC/MS approaches resulted in the identity of a panel of eicosanoids in human plasma that can differentiate non-alcoholic fatty liver (NAFL) from NASH as a non-invasive biomarker important for NAFLD assessment and treatment (203) .
When I was initially enticed by stereochemistry in college, I didn't expect it to occupy so much of my career. Indeed, my research trajectory has gone far beyond what I dreamed of then. I am humbled that the early connections that my colleagues and I described between PLA 2 action and lipid mediators have helped build this exciting field, and I am grateful to my scientific colleagues-including many former students and scientific collaborators-who organized a recent conference in my honor (Fig. 12 ). Today my laboratory is focused on enzyme-and druginduced stereochemical changes of bioactive lipid molecules involved in inflammation and its resolution as well as on membrane-induced allosteric effects on enzymes that act on lipids, and these studies are now enhanced by lipidomic approaches to specificity. And although I can't claim to have predicted the future, I can say that I was prepared from the beginning to question established scientific thought. 
